Abstract We conduct a systematic search of tectonic tremor triggered by distant large earthquakes around the Simi Valley (SV) and the San Gabriel Mountain (SGM) in southern California. Out of 59 large earthquakes between 2000 and 2013, only the 2002 M w 7.9 Denali fault earthquake triggered clear tremor in the region. The observed travel times of the triggered tremors are consistent with theoretical predictions from tremor sources that are spatially clustered in the SV, close to the rupture zone of the 1994 M w 6.7 Northridge earthquake. We also estimate the triggering stress threshold as ∼12 kPa from measuring the peak ground velocities near the tremor source. The lack of clear tremor beneath the SGM provides a "negative" example for a region where tremor is expected to occur because of clear evidence of fluid-rich zones at the middle crust. The results imply that the necessary conditions for tremor to occur are more than fluid-induced low effective normal stress.
Introduction
In the past two decades, tectonic tremor (tremor hereafter) has been observed at a variety of tectonic regions, such as subduction zones and continental strike-slip faults (Peng and Gomberg, 2010; Beroza and Ide, 2011, and references therein) . Tremor, sometimes accompanying slow-slip events (SSEs), generally occurs on the fault interface near or below the seismogenic section, coinciding with the transition from unstable to stable sliding (e.g., Rocca et al., 2009; Shelly and Hardebeck, 2010) . In addition to occurring spontaneously, tremor can also be triggered by passing seismic waves of regional and teleseismic earthquakes (Peng and Gomberg, 2010 , and references therein).
In California, triggered tremors have been extensively observed in the Parkfield-Cholame section of the San Andreas fault (SAF), central California (e.g., Peng et al., 2009; Chao et al., 2013) , where ambient tremors are also documented (e.g., Nadeau and Dolenc, 2005; Shelly and Hardebeck, 2010) . In stark contrast, observations of tremors triggered by distant earthquakes are rare in northern and southern California, except for the 2002 Denali fault earthquake . A recent systematic search of triggered tremor around the Calaveras fault in north California and the San Jacinto fault (SJF) in southern California has not found additional evidence (Chao, Peng, Fabian, et al., 2012; Wang et al., 2013) , except for the triggering along the SJF by the 2011 M w 9.0 Tohoku-Oki earthquake . These results suggest either different triggering stress threshold or background noise levels in these regions. Despite these recent studies of tremor, the specific conditions for tremors to occur and their relationship to ordinary earthquakes are still unclear.
Abundant observations of dynamically triggered tremors indicate that effective normal stress at the tremor source regions is low (Peng and Gomberg, 2010) . Furthermore, the low effective normal stress is also suggested by the numerical modeling of SSEs on a frictional fault model Rice, 2005, 2007) . The low effective normal stress is generally a result of the near-lithostatic pore fluid pressure, which has been implied by receiver function studies (Audet et al., 2009) and V P =V S ratios (Shelly et al., 2006; Kato et al., 2010) . Therefore, it is reasonable to hypothesize that the presence of fluid zones below the seismogenic section of a fault may provide a favorable environment for tremor to occur.
Seismic reflection and refraction studies have identified bright reflective zones in the middle crust beneath the San Gabriel Mountain (SGM) in southern California (Ryberg and Fuis, 1998; Fuis et al., 2001 Fuis et al., , 2003 . Because the reflector amplitude is negative at the top of this zone, it requires the presence of near-lithostatic fluids at such depth (Ryberg and Fuis, 1998) . The fluid zones appear to be associated with the low-angle reverse faults that hosted a series of moderate earthquakes (Fig. 1) , for example, the 1971 M w 6.7 San Fernando and the 1994 M w 6.7 Northridge earthquakes (Heaton, 1982; Hauksson et al., 1995) . In addition to the presence of fluid-rich zones, a master décollement (Fig. 1c) beneath the SGM is interpreted to connect the Puente Hill blind thrust, the Whittier fault, and the Sierra Madre thrust faults (Fuis et al., 2003) . Such tectonic setting is similar to that in the Central Range of Taiwan, where triggered tremors have been reported (Peng and Chao, 2008; Chao, Peng, Wu, et al., 2012) . Thus, the SGM appears to be a potential spot where tremors are likely to occur. Indeed, Fabian et al. (2009) conducted a preliminary study and reported possible tremor signals beneath the SGM triggered by the 2002 Denali fault earthquake. However, it remains unclear whether the tremor observed at the SGM could be explained by the identified tremor source in the neighboring Simi Valley (SV) .
In this study, we conduct a systematic search of triggered tremor around the SGM and the SV in southern California. Our goals are to investigate whether additional events may have triggered tremor in this region and whether the tremors triggered by the Denali fault earthquake share the same source. We first select distant earthquakes that may trigger tremor in the region by estimating the dynamic stresses from their surface-wave magnitudes. We then visually identify tremor signals by examining broadband and filtered seismograms. In addition, we locate the triggered tremors and compare peak ground velocities (PGVs) of all examined earthquakes to determine the triggering stress threshold. Finally, we summarize the triggered tremor activities in the SGM and the SV and discuss the implications of our findings.
Analysis Procedure
The analysis procedure generally follows that of Aiken et al. (2013) and is briefly described here. We select earthquakes from the Advanced National Seismic System (ANSS) catalog that have occurred since 2000 and have magnitudes greater than 6. In order to avoid contamination of early aftershocks and effects of static stress, we require event depths to be less than 100 km and their epicentral distances to the broadband station SPF to be larger than 1000 km. We then estimate dynamic stresses generated by these earthquakes using their surface-wave magnitudes (van der Elst and Brodsky, 2010). We only keep events that generated dynamic stresses larger than 1 kPa. Eventually, we find 59 events that met our criteria (Ⓔ Table S1 , available in the electronic supplement to this article).
Next, we retrieve eight hours of continuous waveform data, three hours before and five hours after the origin times of these earthquakes, which are recorded at broadband and short-period stations from the USGS/Caltech Southern California Seismic Network (CI) around the SGM and the SV (Fig. 1 ). After removing instrument responses, we inspect the spectrogram to determine a suitable filter band in order to avoid contaminations from regional and teleseismic P waves . In this study, we applied a 2-8 Hz bandpass filter to all waveforms. We then stack the envelopes of filtered three-component velocity seismograms. At certain stations where horizontal components were not available (e.g., station SIP), we only use the vertical component. We then visually inspect the envelopes and band-pass-filtered seismograms to search for tremors triggered by surface waves. Following previous studies (e.g., Peng et al., 2009; Aiken et al., 2013) , we identify triggered tremors as nonimpulsive, high-frequency signals that are coherently observed among several stations during surface waves of distant events. Finally, we locate the triggered tremor bursts by performing a grid search of the minimum residual between theoretical and picked travel times on stacked envelopes (Chao, Peng, Fabian, et al., 2012) . We use a 1D velocity model of southern California to calculate theoretical travel times (Shearer et al., 2005) . Because the source depth of tremor is not well constrained by this method, we fix the tremor depth to be 25 km, similar to the average tremor depths at the SAF near Parkfield (Shelly and Hardebeck, 2010) .
Observations of Triggered Tremor
Similar to the previous study , we observe tremors around the SV triggered by the 2002 M w 7.9 Denali fault earthquake. A total of six coherent tremor bursts between 1050 and 1250 s have been observed at several stations (Fig. 2a) . The most prominent tremor signals are recorded at the broadband station SPF. Similar coherent tremor signals are observed in the time-shifted band-pass-filtered seismograms (Fig. 2b) . At stations further distant from the tremor source (e.g. CHF and MWC), only weak tremor signals can be identified on the band-pass-filtered seismograms.
The source of each tremor burst is located separately based on picked arrival times from all possible envelopes (Ⓔ Table S2 , available in the electronic supplement to this article). For example, the arrival times of the tremor burst 4 are picked at all five stations (Fig. 2) and the minimum residual is ∼3 s, corresponding to a relatively well-constrained location of 34.22°N, −118:80°W (Figs. 1 and Ⓔ S1, available in the electronic supplement to this article). The timings of tremor bursts at stations MWC and CHF appear to match well with the predicted S-wave arrivals (Fig. 2a) , indicating that one tremor source is sufficient to explain the observations in the SV and the SGM. As shown in Figure 1 , bursts 1-5 are all located in the SV, close to the tremor location from the previous study and the epicenter of the 1994 M w 6.7 Northridge earthquake. Burst 6, however, is located further north near the San Joaquin Valley and Tejon Pass (Fig. 1) . To investigate how reliable this location was, we inspect waveforms at nearby stations (Ⓔ Fig. S2 , available in the electronic supplement to this article). While tremor bursts are observed at the closest station MPI, the tremor signals are not coherent among stations further south. Instead, the signals at some stations appear to match the travel-time moveout from tremor sources in Cholame . Hence, we consider burst 6 to be not well constrained.
We also examine the correlations between timecorrected tremor signals and surface waves of the 2002 Denali fault earthquake at station SPF. We calculate the theoretical travel time using an average location from bursts 1-5 and shift the waveforms back to the tremor source (Fig. 2b) . We also shift the broadband seismograms using typical values of phase velocities of Love (4:1 km=s) and Rayleigh (3:5 km=s) waves, respectively. The tremor bursts at station SPF appear to initiate when the Rayleigh waves arrived at ∼1050 s and correlate with the oscillations of the Rayleigh waves (Fig. 2c) .
Besides the 2002 M w 7.9 Denali fault earthquake, no other examined earthquakes have triggered clear tremor in our study region. For example, the 2011 M w 9.0 TohokuOki earthquake has triggered widespread tremors around the world, including the Parkfield-Cholame section of the SAF and the Anza section of the SJF (Gonzalez-Huizar et al., 2012; Chao et al., 2013) . However, after examining the 2-8 Hz band-pass-filtered envelopes around the SV and the SGM, we did not find any triggered tremor during the surface wave of the Tohoku-Oki mainshock (Fig. 3) . Although coherent signals are observed among several stations (e.g., CHF, MWC, and SPF) in the time window of 3000-3500 s (Fig. 3) , their relatively low-frequency contents (less than 4 Hz) and nearly identical arrivals indicate that they are likely teleseismic P waves of early aftershocks of the 2011 TohokuOki earthquake (Ⓔ Fig. S3 , available in the electronic supplement to this article).
Tremor Triggering Threshold and Background Noise
To investigate why the Denali fault mainshock is the only event that triggered tremor in the region, we measure the PGVs of the vertical and transverse components at station SPF for all distant earthquakes (Fig. 4) . For those not available at station SPF, we then use the closest station to SPF (Ⓔ Table S1 , available in the electronic supplement to this article). On the transverse component, the 2002 Denali fault earthquake generated the largest PGV of 0:48 cm=s, nearly four times larger than that of the 2011 Tohoku-Oki earthquake (0:10 cm=s). In comparison, both earthquakes produced similar PGVs of ∼0:14 cm=s on the vertical component. Assuming plane wave propagation, the peak dynamic stress associated with surface waves is proportional to G _ u=V S , in which G is the shear modulus, _ u is ground velocity, and V S is the phase velocity of the surface wave. Using the typical values of G 30 GPa, V S 4:1 km=s for Love waves, and V S 3:5 km=s for Rayleigh waves, we estimate the peak dynamic stress for all examined earthquakes. The largest dynamic stress is ∼35 kPa, associated with Love waves of the 2002 Denali fault earthquake. The peak dynamic stress associated with Rayleigh waves of the 2002 Denali fault earthquake is ∼12 kPa. Hence the apparent triggering threshold is approximately 12 kPa around the SV, higher than the value 2-3 kPa of the SAF near Parkfield, central California .
To test whether background noise may prevent us from identifying tremors triggered by other earthquakes, we compare both signal and noise of nontriggering events (e.g., 2011 Tohoku-Oki earthquake) with that of the 2002 Denali fault earthquake. The signal spectrum is computed from velocity seismograms during a 600 s time window starting from the initial arrival of Love waves. In the tremor frequency band (2-8 Hz), the spectrum during the Denali fault event is consistently higher than that during the Tohoku-Oki event (Fig. 5a ). On the other hand, the noise spectra computed from 600 s window before the P arrivals for both earthquakes are somewhat similar, with the Tohoku-Oki noise spectrum having higher amplitudes in 2-4 Hz and lower amplitudes in 4-8 Hz (Fig. 5b) . Hence, elevated background noise is not the primary reason why the 2011 Tohoku-Oki earthquake did not trigger tremor in the study region. Furthermore, we also compare the signal and noise levels for the 2011 Tohoku-Oki earthquake at station PKD near Parkfield, central California ( Figure 5 ). Apparently the high-frequency noise level near Parkfield is significantly lower than that in the SV. This could be one of the reasons for the most frequent observations of triggered tremor in the Parkfield-Cholame section of the SAF, as also suggested by Chao, Peng, Fabian, et al. (2012) .
Discussions
In this study, we conducted a systematic search of triggered tremor around the SV and the SGM in southern California. Our results confirmed the 2002 Denali fault earthquake was the only event that triggered tremor in this region.
The triggered tremor was located in the SV, ∼20 km west to the 1994 M w 6.7 Northridge earthquake that occurred on a blind thrust fault dipping ∼35°to the south (Hauksson et al., 1995) . Although the source depth was not well constrained (set to be 25 km), the triggered tremor likely originated from the same or neighboring fault that generated the 1994 M w 6.7 Northridge earthquake (Fig. 1) . If so, the incoming waves of the 2002 Denali fault earthquake were nearly normal to the strike of this blind low-angle reverse fault, which is a favorable condition for Rayleigh-wave triggering (Hill, 2012) . Indeed, we observed the triggered tremor was mainly associated with the Rayleigh waves of the 2002 Denali fault earthquake (Fig. 2c) . In addition, we did not observe tremors in the SV and the SGM excited by Love waves and body waves that had been reported elsewhere (e.g., Rubinstein et al., 2007; Ghosh et al., 2009; Peng et al., 2009) . Furthermore, the Rayleigh-triggering potential significantly decreases as the incidence angle becomes strike parallel (Hill, 2012) . This is also qualitatively consistent with the fact that we did not observe tremor triggered by the 2011 Tohoku-Oki earthquake, although its vertical PGV is similar to that of the 2002 Denali fault earthquake (Fig. 4) .
In general, the tremor triggering potential appears to vary with regions and is associated with amplitude, dominant period, and incidence angle of passing waves, as well as the orientation of the fault strike and background tremor activities (e.g., Peng et al., 2009; Rubinstein et al., 2009; Hill, 2012; Aiken et al., 2013; Chao et al., 2013; Wang et al., 2013) . Based on the estimation of PGVs of all earthquakes examined in this study, we inferred the apparent triggering threshold in the SV is at least ∼12 kPa, much higher than the threshold estimated for the Parkfield-Cholame section of the SAF (2-3 kPa). However, this value is close to that of the SJF near Anza, where a triggering threshold is suggested to be at least 17 kPa (Wang et al., 2013) . In our study region, the tremor likely occurred on or near a low-angle reverse fault that ruptured during the 1994 Northridge earthquake. In contrast, the SJF is a nearly vertical right-lateral strike-slip fault that has well-developed damage zones along strike, at least in the top few kilometers of the crust (Yang and Zhu, 2010) . Hence, the role of local fault structure on the triggering stress threshold is not well understood yet.
It has been suggested that triggered tremor might just be ambient tremor that is promoted to occur due to loading from passing seismic waves. This is also known as the "clockadvance" model (Gomberg, 2010) . Observations of triggered tremor in the Parkfield-Cholame section of the SAF and Taiwan are statistically consistent with this model prediction (Chao, Peng, Fabian, et al., 2012; Chao, Peng, Wu, et al. 2012) , in which the triggering probability is proportional to the product of ambient tremor rate and the efficacy of triggering waves. In our study region, ambient tremor has not been documented before. Only the 2002 Denali fault earthquake associated with the largest PGV has triggered tremor in the SV. This is consistent with the clock-advance model that in a region with low ambient tremor rate, the peak amplitude of the triggering waves must be sufficiently large to trigger tremors. However, the absence of additional triggering cases in the region does not allow us to further validate this model. Our results showed that the tremor signals observed at stations MWC and CHF in the SGM matched the predicted arrivals time from the tremor sources in SV triggered by the 2002 Denali fault earthquake (Fig. 2) . However, we note bursts 4 and 5 at station MWC have similar amplitudes, while burst 4 at station SPF in the SV has much higher amplitude than burst 5 (Fig. 2a) . It is hence possible that either we mismatched the bursts in these two regions or a second tremor source closer to the SGM is present. If the burst 5 at station MWC was from the same source of the burst 4 at station SPF, the tremor source with the newly picked arrivals is then located at latitude 33.23°N and longitude −118:84°W (Ⓔ Fig. S1b , available in the electronic supplement to this article). However, the minimum travel-time residual for this location is ∼33 s, about one order of magnitude larger than that of the optimal location using the travel time of the earlier burst at station MWC (Ⓔ Fig. S1a , available in the electronic supplement to this article). Furthermore, the predicted travel time from the new location still matches better with the burst 4 at MWC (Ⓔ Fig. S4 , available in the electronic supplement to this article). Therefore, we exclude the possibility that the tremor bursts were incorrectly picked between stations in the SGM and the SV.
Although we cannot completely rule out the possibility of a second source beneath the SGM if its travel times coincide with the predicted arrivals from the SV source, the predicted travel times from the source in the SV appear to sufficiently explain all picked arrivals (Fig. 2a) . To search for additional evidence of a possible source beneath the SGM, we have examined all available stations in the surrounding regions (Ⓔ Fig. S5 , available in the electronic supplement to this article). Unfortunately, only stations MWC and CHF have showed tremor signals that are modulated by the surface waves of the 2002 Denali fault event. Hence, the likelihood of a second tremor source beneath the SGM is very small.
Nevertheless, we have not found any additional evidence of triggered tremor in the SV and the SGM. As mentioned before, the SGM is a region where one would expect to observe tremor based on the presence of near-lithostatic fluid zones in the middle crust and similar tectonic environment to the Central Range in Taiwan, where both triggered and ambient tremors have been observed (Peng and Chao, 2008; Chao, Peng, Wu, et al., 2012) . The lack of clear tremor triggering around the SGM indicates that the necessary conditions for tremor to occur are more than the fluid-induced low effective normal stress. Possible candidates include rock type, temperatures, accumulated tectonic stresses, or other conditions not mentioned above. Further observational and numerical investigations of tremor triggering are needed to advance our understanding of tremor source physics and their relationship to ordinary earthquakes.
Data and Resources
Seismograms used in this study were downloaded from the Southern California Earthquake Data Center (http://www .data.scec.org/, last accessed May 2013).
